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LIST OF NOMENCLATURE
Term

Symbol

Definition

Active prosthetic

-------------

A prosthetic that includes powered components,
including microprocessors, microcontrollers,
batteries, actuators, etc.

Passive prosthetic

-------------

A prosthetic that has solely mechanical
components and not powered components.

Heel strike

-------------

The phase of gait analysis during which the foot
initiates contacts the ground at the heel.

Impact force

-------------

The maximum force a foot experiences, which
occurs at heel strike.

Toe-off

-------------

The phase of gait analysis during which the foot
terminates contact with the ground at the toe.

Push-off force

-------------

The force required to step forward during toeoff.

Swing phase

-------------

The phase of gait during which the foot is not in
contact with the ground between toe-off and heel
strike.

Lay-up

-------------

The processes by which composites like
fiberglass are carbon fiber are manufactured,
consisting of several layers of fabric weaves and
epoxy.

Stress

σ

The ratio of force to area; the internal forces
between particles within a material.

Strain

ε

The ratio of a change in length to the original
length.

Elastic modulus

E

The material property defining the tendency to
deform.

Factor of safety

FS

The carrying capacity of a system beyond the
actual or expected loads.

Shear stress

�

The internal force that causes particles within a
material to shift or slide with respect to one
another.
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EXECUTIVE SUMMARY
This document presents the design development, chosen final design, manufacturing,
assembly, and testing for the self-powered prosthetic ankle project. The team, background, and
project scope are presented as the foundation for the design process. Originating from the customer
requirements, the main technical specifications were to have 80% physiological range of motion,
elastic energy return, impact absorption, and no external power sources. Based on the background
research conducted and the discussions with experts in the field, the project team decided to focus
on designing a prosthetic that focused on plantarflexion and dorsiflexion for a more comfortable
gait.
Once the technical specifications were defined, concept ideas were generated and
reviewed. Various designs were created and considered that attempted to satisfy the technical
requirements. After several iterations and combinations, a conceptual design was chosen. After
iteration and refinement, the final design emerged. The main components of the final design are a
hydraulic shock absorber, cam, torsion springs, heel, stopper, and separated keel.
All materials were donated or purchased from McMaster and The Craft. The heel, front
and back keels, and stopper were manufactured out of carbon fiber on the Cal Poly campus. The
link, lever, attachment platform, and pivot stand were manufactured out of aluminum. The cam
was made out of Delrin, which has excellent machinability and durability. The design was low
cost with a final cost of $388.62 including parts, machining, manufacturing, and testing.
Range of motion testing included a test for maximum plantarflexion, dorsiflexion,
inversion, and eversion. Due to a smaller size of the lever than expected and a torsion spring that
wasn’t stiff enough, the maximum plantarflexion was less than the target value. The maximum
dorsiflexion was also less than required due to interference between the cam and the heel. The
thick carbon fiber prevented any flexion in inversion or eversion.
A tensile test was performed on the carbon fiber in order to determine its elastic modulus.
The experimental value was used in SolidWorks to perform an FEA of the foot assembly during
heel strike and during toe-off. The FEA showed that the carbon fiber foot components were strong
enough to withstand these forces.
The spring stiffness and lever dimensions need to be altered in order to achieve a fully
functional design. Further testing needs to be done prior to human testing to prove the viability of
the design. The carbon fiber should be thinner and various orientations of fibers should be
considered. Attachment methods other than epoxy resin should be researched in order to strengthen
the overall design, specifically the cam-hydraulic shock absorber and spring connections.
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1

Introduction

1.1

Sponsor Background and Needs
QL+ is a non-profit organization that strives to improve the quality of life for
wounded veterans. Led by Jon Monett, this organization allows amputees to pursue an
active life, unhindered by their disability. QL+ fosters student-led projects on Cal Poly’s
campus by sponsoring senior design projects and providing resources in a devoted QL+
lab. Other QL+ sponsors include Sabrina Jenkins and Barb Springer, who provide
administrative and technical support, respectively. The project team is comprised of three
fourth- year Cal Poly engineering students: Anna Sullivan (mechanical engineering), Cori
Espelien (biomedical engineering), and Kelsey Pietzsch (mechanical engineering). Each
team member is interested in using engineering knowledge to benefit the healthcare field.

1.2

Formal Problem Definition
QL+ presented the challenge to design an ankle prosthetic that provides normalized
biomechanics. Traditional passive ankle prosthetics provide a very limited range of motion.
More advanced prosthetics allow for a wider range of motion via specialized hydraulic or
electrical systems but can quickly cost upwards of $10,000[1]. The proposed design will
have no external power (self-powered) to generate the pseudo-physiological motion. The
design will be a prosthetic for below the knee amputees that want to live an active and
independent life. The end goal of this project is to produce a working proof-of-concept
prototype that better mimics the musculature return of a normal ankle and restores 80% of
the range of motion. These improvements will allow the user to walk and run with the same
prosthetic and require a minimum energy input.

1.3

Objective and Specification Development
QL+ presented several constraints for their desired self-powered ankle prosthetic.
Table 1 summarizes the customer requirements, which were refined and clarified by our
team. Requirements defined what types of motion were desired, as well as properties that
make the prosthetic easier to use for the amputee.

12

Table 1. Customer requirements for the self-powered ankle prosthetic presented by QL+.
ID

Customer Requirement

1

Normalized biomechanics and function

2

80% of range of motion of normal ankle

3

No external power required

4

Less expensive than powered ankle/foot systems (cheap)

5

Less noisy than powered ankle/foot systems (quiet)

6

Durable in military environments

7

Attaches to prosthetic socket of BK amputee

8

Light weight

9

Suitable for variable types of motion

10

For use by veteran or active military

1.3.1 Technical Specifications
Our team translated the customer requirements into quantified, testable parameters.
Below are the justifications for the technical specifications found in Table 2.
1.3.2 Functions
Normal motion of an ankle is comprised of dorsiflexion/ plantarflexion (movement
of the foot up and down), inversion/ eversion (tilting the foot sideways), and adduction/
abduction (movement of the toes/ foot in the transverse plane). The average range of
motion for dorsiflexion is 20°, for plantarflexion is 50°, for inversion is 35°, and for
eversion is 15°[10]. Our technical specifications are designed to reach 80% of the
physiological ranges of motion, resulting in a dorsiflexion requirement of 16°, a
plantarflexion requirement of 40°, an inversion requirement of 28°, and an eversion
requirement of 12°.
The axial load that the prosthetic must withstand at all times is the force generated
by the weight of the amputee. Using an average mass of 100 kg (200lbs), the minimum
load the shaft of the prosthetic must withstand is 980 N. The impact force is the transient
13

load that the prosthetic must withstand during actions like jumping. This force has been
shown to be roughly twice the body weight of the subject[11]. Consequently, our prosthetic
must withstand 1960 N for 2 seconds. The factor of safety for both the axial loading and
impact force must be 3.5 in accordance with ISO 10328[12].
The push-off force is the forward propulsion that the ankle provides. The maximum
push-off force this prosthetic needs to withstand is 750N which was determined by a
motion study that was analyzed. The prosthetic should absorb shock as during heel strike.
Shock absorption can be measured by processing and comparing data collected by
accelerometers placed on the leg and head, described in a study by the Biomechanics
Laboratory at the University of Massachusetts, Amherst[14]. The output values of these
calculations are attenuation values (in dB). Positive values indicate that there was a large
impact and shock, while negative values indicate attenuation, or absorption. For this
project, attenuation values of 0 or lower are desired.
1.3.3 Physical Properties
The prosthetic is designed for Nate Smids, a right below the knee amputee, who
will act as a stand-in model for our design. The dimensions are based on his anthropometric
measurements. His ankle prosthetic height is 16.5 cm, to match his left leg. The length of
the skeleton of the prosthetic is 26 cm. This is based on the empirical data Richard
Archuleta, from North Country Prosthetics, has collected from working in industry for 20
years. This length will allow the user to place a shell on the skeleton and fit the entire
prosthetic in his or her shoe. The width of Nate’s current prosthetic is 9 cm. The mass of
the prosthetic cannot exceed the mass of the lost limb, which for an average male, BK
amputee is 6 kg[15]. These physical properties emulate the size and weight of Nate’s left
foot, and will allow for symmetry in appearance and gait.
1.3.4 Environmental Conditions
The prosthetic must be waterproof to allow for everyday use in various
environments. For example, a user should be able to go for a run in the rain and the
prosthetic should be fully functional after being submerged in water for 3 hours. This
simulates the user walking or running in the rain for an extended period of time. It should
be noted that this prosthetic is not designed for swimming. The temperature and pressure
requirements encompass a wide range of possible environmental conditions the user may
encounter, depending on their geographical location. The desired lifetime of 4 years is
similar to lifetimes of prosthetics currently on the market[16]. This lifetime requires that the
device is made of a durable material, such as carbon fiber.
1.3.5 User Interface and Considerations
Amputees should have access to affordable and highly functioning prosthetics. A
self-powered prosthetic that accomplishes a similar function as an active prosthetic is
affordable at a maximum cost of $5,000. The user should also be able to put on and secure
the device easily. The proposed design will have a common attachment into which a
prosthetic shaft can fit. Lastly, the prosthetic should be as little of a distraction as possible
for the user; it must be quiet. With every step, the prosthetic should not exceed a noise level
of 30 dB, about the loudness of a whisper[17].
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1.3.6 Tabulated Technical Specifications
Table 2. Technical specifications developed by project leads to guide the design of the
self-powered ankle prosthetic.
Spec. #

Parameter
Description

Requirement/
Target (Units)

Tolerance

Risk

Compliance

Functions
1

Dorsiflexion

16°

Min

H

A, T, I

2

Plantarflexion

40°

Min

H

A, T, I

3

Inversion

28°

Min

H

A, T, I

4

Eversion

12°

Min

H

A, T, I

5

Axial load

980 N

Min

H

A, T

6

Impact force

1960 N

Min

H

A, T

7

Factor of safety
(axial load, impact
force)

1.5

Min

H

A, T

8

Push-off force

750 N

+/-50 N

H

A, T

9

Shock absorption

0 dB

Max

H

A, T

Physical Properties
10

Foot Height

16.5 cm

+/- 1 cm

M

A, T

11

Foot Width

9 cm

+/- 2 cm

M

A, T

12

Foot Length

26 cm

+/- 3 cm

M

A, T

13

Weight

6 kg

Max

M

T, I

Environmental Conditions
14

Waterproof

N/A

N/A

L

A

15

Temperature

25°C

+/- 25°C

L

A

16

Pressure

101 kPa

+2.2/-71
kPa

L

A

17

Lifetime

4 years

Min

M

A, S

15

User Interface and Considerations
18

Cost for proof-ofconcept prototype

$1,000

Max

L

A

19

Socket adapter,
female

3 cm

+/- 1 cm

L

A, I

20

Noise

30 dB

+/- 10 dB

L

T

1.3.7 Quality Function Deployment (QFD)
The QFD, seen in Appendix 10.1 was used to ensure that customer requirements
were met through technical specifications. The QFD places the customer requirements and
ranking importance of requirements in vertical columns and the technical specifications in
a horizontal row above the table. A color coded weighting system is then used to match up
the technical specifications that will be used to meet the customer requirements. The green
indicates a strong correlation between customer requirements and engineering
specifications used to meet those requirements, while the yellow and red colors indicate a
medium and weak correlation respectively. An importance scoring was calculated as a sum
of the weighted colors with green, the strong correlation, weighted as a 3, the yellow
weighted as a 2, and the red weighted as a 1. The importance rating percentage was found
as a ratio between the rating importance scoring for a given engineering requirement to the
maximum importance scoring from all of the engineering requirements.
The QFD allows the user to visually see correlations between customer
requirements and engineering specifications. It aids in the design process by making clear
which engineering specifications do not match up to customer requirements, and therefore
should be removed, and by showing which customer requirements need more engineering
specifications so that the requirement can be met. The QFD weighting system clearly
shows which engineering specifications had a strong correlation with the needs of the
customer and thus have a higher importance. The importance scoring shows that the
prosthetic height, lifetime, and range of motion had the highest correlations with customer
requirements and therefore were paid more attention to throughout the design process.
1.4

Project Management
Anna Sullivan is the main point of contact with the sponsors. All team members
share equal responsibility of all the work to be completed for this project. The team agrees
to attend bi-weekly meetings for three hours during the specified class time. An additional
weekly out of class meeting will occur for 1-2 hours; attendance is mandatory. Individual
work will be expected to include five hours dedicated to this project per week. All meetings
will be productive and have a clear timeline and identified items to be completed. The team
will follow a strict timeline to keep them on track with the project and all work will be
done fully and held to a high standard of completion. Table 3 contains a timeline of
milestones that have already been completed and that will be completed in the future.
After the proposal and team were matched, team members commenced with
background research to understand the current solutions to the problem and how they can
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be improved. The sponsors reviewed the Project Requirements Document and approved of
the direction of the project. This agreement is vital to the project, as it erases any ambiguity
of what is desired or required. The technical specifications define clear, attainable, and
testable parameters that will guide the design of the project.
Gantter software was used to plan and schedule the project. Further background
research, including conversations with amputees and prosthetists, enabled the project team
to further understand the desires of the user. As idea generation began, any and all ideas
were encouraged. A Pugh decision matrix helped the team weigh which design components
contributed to the best solution to the proposed problem. One champion concept combined
the best aspects of initial designs and is described in this report. The sponsors were satisfied
with the progress of the team and direction of the project on December 8th, 2016.
Materials were ordered based on the evolved concept. Manufacturing allows the
team and the sponsor to (a) see a proof-of-concept prototype and (b) evaluate the successes
and shortcomings of the prototype. Testing ensures that the specifications listed in the
Project Requirements Document are met. Additionally, testing uncovered faults with the
system that may not have been apparent earlier in the design process. Iterations and
modifications of the prototype continued in parallel with testing until a working model was
developed. The Critical Design Review documented the iterated concept after months of
further ideation, prototyping, and testing. The design cycle continued up until the final
design. The Design Expo allowed the project team to formally present their solution to the
initial project proposal.
Table 3. Timetable of milestones.
Task

Description

Completion Date

Brainstorming Concept
Design

Researching current
products and brainstorming
new solutions

9/30/16-11/06/16

Conceptual Model

A conceptual model of the
project

11/06/16

Conceptual Design Report

Documentation of the entire
conceptual design

12/10/16
[End of Fall Quarter]

Bill of Materials

A complete list of all
necessary materials

2/07/17

Critical Design Review

Documentation of the
iterated design with changes
and detail drawings

2/09/17

Composite Lessons

Learn about fiberglass and
carbon fiber properties and
manufacturing

2/16/17-2/27/17

Fiberglass Manufacturing

Attempt first molds and lay-

3/3/17

17

up with fiberglass to learn
process
Materials Order

All necessary parts and
materials ordered

3/17/17
[End of Winter Quarter]

Create molds for carbon
fiber piece

Created SolidWorks for
front keel and heel molds

4/03/17-4/14/17

Carbon fiber lay-up

Manufactured carbon fiber
pieces

4/21/17-4/28/17

Machine carbon fiber
pieces

Refined and shaped carbon
fiber pieces in the shop

4/28/17-5/20/17

Manufacture Aluminum
Components

Machined platform, link,
lever, pivot from stock
aluminum bar in the shop

4/28/17-5/20/17

Assemble Prototype

Combined all carbon fiber
pieces, aluminum parts, and
purchased components into
a prosthetic foot

5/20/17-5/25/17

Prototype Testing

Tested loading and range of
motion specifications

5/25/17

Poster

Finalized poster for Expo
printed

5/30/17

QL+ Promo Video

Made video showcasing the
team and our project

6/02/17

Senior Design Expo

Shared final results and
design to peers

6/02/17

QL+ Summary Video

Made video discussing the
progress of the project and
future directions

6/09/17

Final Design Report

Final report of all the details
of the project

6/09/17

Project Completion

Turned in poster, final
prototype, design notebook,
and final report

6/09/17
[End of Spring Quarter]
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A Gantt chart was created specifying detailed items that needed to be completed
for the success of this project. Each item contains a duration, due date, and team member
who is responsible for completing the item. This Gantt chart can be seen in Appendix
10.6.1. This schedule was followed in order to complete the project thoroughly and on
time.
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2

Background
Below the knee (BK, transtibial) prosthetics contain a socket, shaft, ankle, and foot.
The self-powered ankle project for QL+ consists of the ankle portion of a BK prosthetic,
which can attach to the prosthetic shaft or socket of the amputee. Current prosthetic designs
were studied to understand what technology was available, and any shortcomings in the
industry. There are two main types of prosthetic ankles: active and passive. Each have their
own advantages and disadvantages, illustrated by specific products. The anatomy of an
ankle was examined to help the team understand the full range of motion of a physiological
ankle. The takeaways from the meetings with a right BK amputee and his prosthetists are
also discussed. This background research helped the team focus the scope of the project.

2.1

Existing Products
BK prosthetics can either be passive or active. Active prosthetics contain
mechanical or electrical systems that are powered in order to create and respond to motion.
Figure 1a shows a typical powered prosthetic, which provides partial motion and forces on
behalf of the user. Figure 1b shows an example of a passive prosthetic, which is purely
mechanical. Table 4 summarizes the advantages and disadvantages of passive and active
prosthetics.

Figure 1. (a) A powered ankle prosthetic designed by the Biomechatronics Group at MIT
[5]
and (b) a Ceterus Foot that is passive but uses spring motion to allow for dorsiflexion
and plantarflexion[6].

20

Table 4. Advantages and Disadvantages of Passive and Active Prosthetics
Type

Advantages

Disadvantages

Affordable
Limited motion

Passive
No powered components

Expensive
Active

Assists with motion

Requires maintenance and
repairs

The scope of the project was to make a self-powered prosthetic ankle that provides
advantageous biomechanics similar to an active prosthetic while retaining the simple use
and design of a passive prosthetic.
2.1.1 MIT Powered Ankle Foot Prosthesis
MIT developed an active ankle (Figure 1a) that uses a unidirectional spring and a
force controlled actuator to provide movement of the ankle. The components to provide
the powered motion add considerable weight to the prosthetic. However, amputees reported
that it was easier to use and less tiring compared to their passive prosthetics.[5]
2.1.2 Ceterus Foot
A common passive prosthetic ankle is the Ceterus foot (Figure 1b). It uses a
Torsional Control Cell to provide energy return and shock absorption. The Ceterus foot
limits forces in the knee and residual limb of the patient. Additionally, it allows for
adjustable shock absorption for the patient's comfort. This prosthetic can be used for
transfemoral and transtibial amputees and has a maximum patient weight of 325lbs. Active
amputees reported that the Ceterus Foot helped when walking up hills or stairs, but was
difficult to for walking indoors. The energy return also caused some irritation of the
residual limb from the increased motion of every step.[6]
2.1.3 CamWalk
The CamWalk is a device that uses a passive spring network, a timing mechanism,
and a locking mechanism to absorb energy from impact and release it at a time that is most
beneficial to the user. The entire system can be seen in Figure 2. A cam is used for the
timing mechanism, and a slot and link are used for the locking mechanism.
When the shock absorbing spring becomes disengaged, the link pinned on body C,
as seen in the figure below, experiences the total load of the leg force applied by the
amputee, forcing the slider down the slot. The slider compresses the coupling spring at the
time that is most useful to the user—after maximum dorsiflexion, and is used to drive the
foot forward. The link also served as a locking mechanism and locks when the link becomes
parallel with the slot at the maximum allowed leg deflection. The maximum range of
motion of the prototype was 20 degrees plantarflexion and 20 degrees dorsiflexion.
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Ultimately the CamWalk was found to produce a network, as expected; however,
the discomfort from the ankle drop overpowered the benefits of the added power. Finding
a way to further delay the power release so that it does not occur at the same time of the
ankle drop would make the CamWalk more beneficial.

Figure 2. Passive Design CamWalk Schematic [7].
2.1.4 Pro-Flex XC
The Pro-Flex XC is an ankle prosthetic commercially available by Ӧssur, as seen
in Figure 3. It is recommended for a variety of users that walk, jog, and climb stairs. It is
rated for a patient weighing no more than 365 lb (166 kg). The foot itself weighs 1.47 lb
(670 g), which provides a lightweight prosthetic solution.
The Pro-Flex XC provides a comfortable option for semi-active user. The “C”
shape of the ankle stores energy when compressed, which helps provide return when the
user pushes off the ground. The compression of the carbon fiber “C” and heel decrease the
impact force upon heel strike. The length of the foot, including the heel extension, provides
stability in stance phase and symmetry in gait. The split toe provides aesthetic appeal and
sandal compatibility. Overall, the energy return of this prosthetic is in the desired range for
a passive ankle.
While the Pro-Flex assists with energy return and shock absorption, it does not
provide the range of motion required for this project.
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Figure 3. Pro-Flex XC by Ӧssur. A model of the skeleton (left) and a schematic
with components (right) [8].
2.2

Current State of the Art
The current state of the art products for both active and passive ankles and the Elan
ankle and the Renegade foot, respectively. Detailed information on both of these products
can be found below.

2.2.1 Elan Ankle
The Elan ankle is a powered prosthetic made by Endolite. It contains
microprocessor control that allows for situational awareness to detect the user’s activity
and environment. It also contains biomimetic hydraulic technology that models the ankles
viscoelastic properties. The main part of the foot is made of carbon fiber that has a split toe
to accommodate for inversion and eversion. Because this prosthetic is powered, it requires
a battery pack that needs to be charged regularly. The microprocessor and hydraulic
technology that are included in this ankle are the best on the market today. The
plantarflexion and dorsiflexion capabilities of the Elan ankle can be seen below in Figure
4.

Figure 4. Plantarflexion and dorsiflexion caused by the
microprocessor control of the Elan ankle.
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2.2.2 Renegade Foot
The Renegade foot by Freedom Innovations is a state of the art passive prosthetic
foot. It is made of special carbon fiber that contains Z-Shock Technology that gives it
exceptional vertical shock deflection. The carbon fiber absorbs and redirects energy while
walking which allows for smoother motion and less energy exerted by the user. This ankle
can be used for high energy applications due to its stiff structure such as running and
jumping.

Figure 5. The passive Renegade foot by Freedom Innovations.
2.3

Physiology of an Ankle
The ankle consists of two main joints: the talocrural joint and the subtalar joint, as
seen in Figure 6. The talocrural joint, or true ankle joint, is responsible for the primary
motions of the ankle. The true ankle joint is a hinge joint, meaning it has motion along one
axis, allowing for dorsiflexion (toes pointing up) and plantarflexion (toes pointing down).
Both the true ankle joint and the subtalar joint are synovial joints. This means that the joint
is encapsulated by a membrane and filled with fluid, which provides cushion and
lubrication.
The bones, tendons, and ligaments can be seen in Figure 6. The true ankle joint is
made up of the tibia, fibula, and talus. The subtalar joint is made up of the talus and
calcaneus. Each bone is coated by articular cartilage, which decreases friction between the
bones during movement. Tendons attach muscles and bones. They help transfer the
contraction of a muscle into the desired locomotion of a bone. The calcaneal tendon, more
commonly known as the Achilles tendon, attaches the calf muscles (plantaris,
gastrocnemius, and soleus) and calcaneus. The anterior and posterior tibial tendons connect
the tibialis anterior and tibialis posterior muscles to the metatarsals, respectively. The ankle
bones are stabilized by a series of ligaments, which are bone to bone attachments. The
anterior and posterior tibiofibular ligaments connect the tibia and the fibula. The
calcaneofibular ligament connects the fibula and the calcaneus, and protect the ankle from
hyper-inversion. The deltoid ligaments attach the tibia to the talus and calcaneus, and
protect the ankle from hyper-eversion. The plantar fascia connects the calcaneus and the
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metatarsals on the distal aspect of the foot. It plays a key role in maintaining balance and a
smooth gait.

Figure 6. The bones [2](upper left), tendons (upper right ) [3], and ligaments [4] (bottom) of
the ankle.
2.4

Prioritize with Customer
A meeting with a BK right leg amputee ensured the team understood the needs of
the customer. The amputee, Nathan Smids, stated that he preferred rigid, passive ankles
because they provided more energy return. This allows him engage in his hobbies, such as
running, hiking, and surfing. His favorite ankle was the Renegade ankle by Freedom
Innovations; the energy return of this ankle was analyzed and used as a baseline for this
project’s testing requirements. Nathan mentioned that one of the hardest things for him to
do with an ankle prosthesis was to walk downhill. Since most passive ankles are rigid, the
prosthetic cannot plantarflex and his knee gives out to continue his gait. Furthermore,
Nathan experiences discomfort from his socket when sitting due to the rigidity of the
Renegade ankle.
Taking into account the input from Nathan, the final design of the prosthetic ankle
for this project contains both the rigidity of carbon fiber to provide sufficient energy return
and the range of motion to allow the user to walk downhill and sit comfortably.
Nathan agreed to be a stand-in model for this project, so all designs and dimensions
will be catered to him. Nathan’s foot size is men’s size 9 and the overall height of his
prosthetic ankle (from bottom of foot shell to top of attachment) is 16.5 cm. All forces and
stresses will also be based on his weight, which is approximately 220 lbs.
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2.5

North County Prosthetics
Nathan’s prosthetists graciously agreed to meet with the project team. In addition
to talking to some representatives from Endolite, the team was able to see a variety of
available prosthetics. While many of the products were powered ankles and knees, seeing
the skeleton of the prosthetics revealed some common themes. First, the keel had a split
toe. This allows for the user to walk on uneven ground and provides sufficient inversion
and eversion. Many of the Endolite ankles also had heels and keels made of different carbon
fiber composites. This design feature allows the prosthetist or engineer to modify each
component independently. The prosthetists offered to provide a direct line to
manufacturers.

2.6

Codes and Standards
The International Organization of Standardization (ISO) documents that pertain to
this project are ISO 10328 (2006): Structural Testing for Lower Limb Prosthesis, ISO
16955 (2016): Quantification of Physical Parameters of Ankle Foot Devices and Foot
Units, and ISO 22675 (2016): Testing of Ankle-Foot Devices and Foot Units.[8] These
standards were accessed through the Cal Poly Kennedy Library.

2.7

Patents
Certain prosthetics, or parts of the prosthetic, have patents on their designs. For
example, the Elan ankle made by Endolite has a patent on one of its hinged pivot points.
This pin is located at the lateral malleolus which allows the ankle to function similar to a
physiological ankle. This joint can be seen in Figure 7 below indicated by the red arrow.

Figure 7. Patented pin location on the Elan ankle [9].
Most prosthetics have their unique carbon fiber composite and shape patented. The
cam is a novel component in prosthetics. This, in conjunction with the use of springs and
the hydraulic shock absorber, create a unique design that does not infringe on current
patents.
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3

Design Development
After fully defining the problem statement and quantifying the engineering
specifications from the customer requirements, the team began idea development. Each
idea attempted to satisfy all of the engineering specifications while still being unique and
reasonable. Several initial ideas were developed, but none fully satisfied the customer
requirements.

3.1

Conceptual Designs
Below are detailed descriptions of each of the original six design ideas that were
included in the Pugh matrix. Each idea was aimed at creating controlled range of motion,
focusing on plantarflexion.

3.1.1 Design 1
Design 1 (Figure 8) included an elastomer, compression springs, and torsional
springs. There were 2 torsional springs, at the ankle joint and midfoot (plantar fascia) that
would assist in power generation at push off. The elastomer spring would be used at the
heel in order to absorb impact and provide additional push off at the heel. The leg would
have two additional springs at the attachment and would allow for eversion and inversion.

Figure 8. Design idea 1.
3.1.2 Design 2
Design 2 (Figure 9) included a hydraulic shock absorber at the proximal portion of
the prosthetic that would be the main mechanism for impact absorption. The posterior
spring and angled spring would help with elastic motion and energy return during
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movement. The inner shell is made of carbon fiber to provide additional push-off force.
The hinged joint would allow for full plantar and dorsiflexion motion.

Figure 9. Design idea 2.
3.1.3 Design 3
Design 3 (Figure 10) had a keel of the foot with of two, separable portions. The
bottom, hashed region would push down from the white region when a force was applied
along the shaft and there was no ground reaction force applied to the bottom of the foot.
This would allow for downhill walking. The bottom and top region of the keel would be
attached by springs. The entire foot would be formed in a tight “C” shape and made of a
rigid material to provide elastic return.

Figure 10. Design idea 3.
3.1.4 Design 4
Design 4 (Figure 11), which was similar to the CamWalk described in Section 2.1.3,
would have a cam device that acts like a timing mechanism, which would ensure that the
stored energy in the carbon fiber would be returned at the appropriate stance phase. The
springs would provide power generation to assist with walking. The foot would be made
of a flexible material, such as carbon fiber, to allow for the required range of motion. The
cam device would keep the proximal slider in the upright position until the ankle angle is
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at maximum dorsiflexion. The cam follower, attached to spring 1, would slide down the
cam and transfer the energy from the impact in spring 1 to spring 2, providing push off at
the desired time.

Figure 11. Design idea 4.
3.1.5 Design 5
Design 5 (Figure 12) has two settings to better accommodate both walking and
running. The walking setting would be at a neutral position of roughly 90° at compressed
spring length. The running setting is higher up, stretching the spring, so that it can be
compressed to a greater degree and provide greater energy return. Each set of springs is
paired, with one on the medial aspect and one on the lateral aspect of the ankle. The paired
springs would allow for inversion and eversion. There is an elastomer spring at the heel to
absorb impact.

Figure 12. Design idea 5.
3.1.6 Design 6
Design 6 (Figure 13) uses a cam to allow for range of motion. Springs, or elastic
material, are used as a stabilization mechanism in the posterior, medial, and lateral aspects
of the cam. The large carbon fiber footplate bends as the patient steps forward, which stores
energy for elastic return. The cushioned elastomer heel follows the common design of a
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SACH foot to help absorb impact.

Figure 13. Design idea 6.
3.2

Concept Selection
A Pugh matrix, seen below in Table 5, was performed on the six preliminary ideas
described above. The main categories that were considered were 80% physiological range
of motion, passive power generation, light weight, a normal and smooth walking motion,
ability to run while providing sufficient elastic energy return, enough range of motion to
allow user to easily walk downhill, impact absorption, and durability during use. Each
design was compared to the datum (Design 1) and was given a plus sign if the design
satisfied the criteria in question better, a minus if it was worse, and an S if each idea was
similar. The plusses, minuses, and S’s of each design were summed at the bottom of the
table. No idea was clearly better than the rest. The positive aspects of each design were
combined to generate the next iteration of ideas.
Table 5. Pugh matrix of six design ideas.
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The Pugh matrix showed that the concepts did not fully satisfy the customer
requirements. Components from each concept were taken and combined in new ways to
generate new concepts. The hydraulic shock absorber, from Design 2, satisfied the
customer requirement of shock absorption. The cam was a novel concept found in several
papers. It mimicked the talus of a physiological ankle joint, allowing for plantarflexion and
dorsiflexion. Furthermore, when placed above a plate of carbon fiber, it can store energy
in the carbon fiber as the keel deforms under pressure from the tip of the cam. The design
concepts seen at North County Prosthetics were also incorporated into the next round of
designs. Each new concept involved keeping the heel and keel separate, to allow for
modifications of the two components independently. The keel for each of the following
designs had a split toe. This design feature sufficiently compensates for inversion and
eversion for the user to stably walk on uneven ground. The challenge within the design was
to time the energy return and the plantarflexion. Each new idea below addressed this
challenge in a different way.
3.2.1 Damped Hinge and Latch Release Concept
The damped hinge and latch release idea (Figure 14) was designed to better achieve
the full range of motion necessary for the user to walk downhill with ease. As the hydraulic
shock absorber is compressed, the link presses on the “push to open” latch located in the
middle of the keel. As the latch is released, the damped hinge at the bottom of the heel
begins to slowly open down towards the ground. During toe-off, the latch will be pushed
closed so that the foot is in a flexed position again for swing phase to help prevent tripping
or dragging of the front of the keel.

Figure 14. Damped hinge and latch release concept.
This idea was not chosen as a final idea because most commercially available
latches were made out of cheap plastic, which is not durable or strong enough for the
design. This would decrease the reliability of the overall design.
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3.2.2 Torsion Spring Concept
In the torsion spring concept (Figure 15), the link presses down on the lever when
weight is put onto the hydraulic shock absorber. As the lever is raised, the proximal portion
of the spring is raised, causing plantarflexion. The placement of the pivot under the lever
could be adjusted to change the displacement of the distal end of the lever, causing the
necessary lift in the torsion spring. The carbon fiber would be split across the “arch” of the
foot, with the torsion spring connecting the two portions. This mechanism could be
adjusted to amplify the displacement of the hydraulic shock absorber, causing significant
plantarflexion.

Figure 15. Torsion spring concept.
3.2.3 Gear Concept
The gear idea (Figure 16) kept the main components of the hydraulic shock
absorber, cam, and separate heel and keel, like the previous two designs. The gears located
at the center of the keel would amplify the movement of the compressed hydraulic shock
absorber, using simple gear ratios. The link connecting the hydraulic shock absorber and
the pinion gear would cause the pinion gear to rotate as the hydraulic shock absorber was
compressed. The link would cause rotation of the pinion, and therefore the ring gear. As
the ring gear would rotate, the rigid link connecting the ring gear and the keel would push
the toe into plantarflexion.
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Figure 16. Gear concept idea.
The gear design was not chosen because translating between linear motion and
rotational motion was not feasible. The rotation of the gears would be limited so severely
by the rigid links that their functionality would be completely negated.
3.2.4 Conceptual Design
The torsion spring concept design was chosen because it best satisfied the customer
requirements. The torsion spring supplements the energy return of the carbon fiber and
allows for the required dorsiflexion and plantarflexion range of motion. The split toe keel
allows for the required inversion and eversion motions. The lever is used to amplify the
displacement of the hydraulic shock absorber and link during compression and transfer it
to the torsion spring. This idea can be refined for various user needs by changing the orifice
properties of the hydraulic shock absorber, the weave properties of the carbon fiber, and
the torque rating of the spring.

Figure 17. A sketch (left) and a foam board model (right) of the conceptual design.
3.3

Concept Selection
A CAD model of the conceptual design is shown in Figure 18. The hydraulic shock
absorber (1), was responsible for dampening the impact force at heel strike. The cam (2)
allows for rotation at the physiological location of the ankle joint. The heel (3) and keel (7)

33

are the main structural components of the foot. The link (4) and lever (5) translate the
displacement from the compression of the hydraulic shock absorber to the spring. The
spring (6) allows for plantarflexion and stores energy to be used at push-off. The
attachment at the top of the shock absorber (8) is the connection point to the sockets of
potential users.

Figure 18. Main components of design: (1) hydraulic shock absorber, (2) cam,(3) heel,
(4) link, (5) lever, (6) torsion spring, (7) keel, and (8) common attachment.
Once an initial SolidWorks design was generated, the cam, heel, and keel parts were
3D printed in the QL+ lab. Hinges, brackets, nails and screws from Home Depot were used
to connect the cam, heel and keel. Springs were purchased from McMaster. The rough
prototype can be seen in Figure 19.
Several problems arose during the assembly of this prototype. First, the cam was
too large to accommodate the link and lever. Second, the torsion spring was difficult to
attach to the keel. The dimensions were changed in SolidWorks to ensure the components
had room to facilitate the desired range of motion. The prototype helped the team resolve
these design issues before manufacturing with materials of choice for the critical design.
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Figure 19. Initial prototype of the critical design.
3.4

Component Breakdown
The main components of the conceptual design are the hydraulic shock absorber,
cam, heel, keel, torsion springs, and hinges. Each component contributes to satisfying the
customer requirements and corresponding technical specifications. Below are detailed
explanations of each component. Supporting calculations for the stresses, torques, and
other specifications described in the following sections can be found in Appendix 10.5.

3.4.1 Hydraulic Shock Absorber
The hydraulic shock absorber would be placed at the load bearing axis of a
physiological ankle (Figure 20). This prosthetic was designed for a user weight of 220 lbs,
which is the average weight of a male user. This corresponds to a standing static force of
980 N. The maximum impact force required of the prosthetic foot is twice the body weight,
1960N, which would occur during the heel strike of running.

Figure 20. Hydraulic shock absorber placed at the load bearing axis.
To fit within the overall height profile required of the foot (16.5 cm), the size of the
hydraulic shock absorber was limited. Simultaneously, the shock absorber needed to be
rated for at least 1960 N, the max axial load. To satisfy these requirements, the STH .25M
shock absorber from Enidine, shown in Figure 21, was chosen. This shock absorber can
withstand a max force of 2730 N, is 7.1 cm tall, has a diameter of 1.3 cm, and weighs 79
g. These properties fit the size and force criteria, and allow for a lightweight solution. The
stroke of the STH .25M shock absorber is 6 mm. This displacement is critical for
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determining the displacement of the link, lever, spring, and distal keel. A sample of a
generic STH .25M model was sent from the manufacturer.

Figure 21. The STH .25M hydraulic shock absorber from Enidine, with A1
(length) = 7.1 cm and WF (diameter) = 1.3 cm.
3.4.2 Cam
The main purpose of the cam would be to provide energy return to the user and act
as a rocker to increase the user’s range of motion. The shape of this mechanism can be seen
in Figure 22. As the user’s center of gravity shifts forward, the cam acts like a rocker and
rotates until the small tip of the cam reaches the keel. The cam tip bends the keel and stores
the kinetic energy from the forward motion of the user as potential energy. This stored
energy is released at toe off as the cam returns to a neutral position and propels the user
forward. The cam would be placed at the location of the talus joint of the ankle in order to
mimic physiological motion.
The cam would be made of Delrin, a plastic made by Dupont. Delrin is easy to
obtain and machine, is low cost and is difficult to fracture. Delrin has excellent fatigue
endurance, so the cam will not degrade or fail after repeated use within the lifetime of the
prosthetic foot.

Figure 22. The shape of the cam, with the cutouts for the hydraulic shock absorber rigid
attachment and pin attachments to the heel.
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In addition to the range of motion provided, the cam would be an important
structural component of the ankle. As shown in Figure 23, the cam absorbs a portion of the
maximum axial load of 1960 N without significant displacement. Without the cam, the heel
would have a catastrophic displacement, resulting in the structural failure of the design.

Figure 23. The deflection of the heel with the cam (top), and without the cam
(bottom).
3.4.3 Heel and Keel
Both the heel and keel components (Figure 24) of the device would be made of
fiberglass. Fiberglass, rather than carbon fiber, was chosen for the proof-of-concept
prototype of the foot. This was recommended by a Cal Poly ME professor, Dr. Mahadev
who specializes in composite materials. The glass epoxy method will cure at room
temperature and can utilize 3D printed molds. The fiberglass, specifically the G-10 epoxy,
is similar to carbon fiber with regard to its strength-to-weight ratio and spring
characteristics. The distal portion of the keel has a split toe to allow for the required 12°
eversion and 28° inversion motion.
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Figure 24. The heel and keel components of the foot, to be manufactured from
fiberglass.
3.4.4 Link
In the conceptual design, the link (Figure 25) would be rigidly attached to the
hydraulic shock absorber and will translate the displacement of the compressed shock
absorber to the lever. Of the maximum axial load of 1960 N, 1450 N is translated through
the link. Using this force, the stress and buckling forces were calculated to be 26.71 MPa
and 222.3 kN, respectively. To ensure the link does not fail or buckle, stainless steel 304
was originally chosen. The compressive stress of this steel, 205 MPa, far exceeds the stress
that will experience in our maximum loading condition, 26.71 MPa.

Figure 25. The link component of the prosthetic foot design.
3.4.5 Lever
As the shock absorber is compressed and the link displaces downward, the proximal
end of the lever is moved downward. The lever would rotate around the pins placed 1.77
cm from the proximal end of the cam to ensure that the torsion spring would rotate the front
keel to the required 40° of plantarflexion. The location of these pin attachment holes can
be seen in Figure 26. The lever would experience a stress of 250.4 MPa. Much of this stress
is due to bending; therefore stainless steel 304, with a bending stress of 573 MPa, was
chosen for the lever material.
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Figure 26. The lever component of the prosthetic foot design.
3.4.6 Torsion Springs
Torsion springs (Figure 27) were used for both energy return and increased range
of motion of the device. Two springs, a right hand and left hand spring, connect the two
pieces of the keel. The diameter of the spring approximately matches the thickness of 1.0
cm of the fiberglass keel pieces. The spring must hold the foot in a neutral position when
the foot is otherwise unsupported, like it is in swing phase. The torque required to hold the
foot in neutral position was found to be 0.01227 Nm. Based on the dimensional and torque
requirements, a spring with a diameter of 0.7 cm and a max torque rating of 0.062 Nm was
chosen from McMaster Carr. The spring would be placed at the physiological location of
the plantar fascia, which is the main ligament necessary in providing plantarflexion.

Figure 27. A left hand torsion spring, which will connect the proximal and distal keel
sections.
3.4.7 Stopper Hinges
The hinges would provide additional connection support between the proximal and
distal portions of the keel. They also provide a stopping mechanism to prevent dorsiflexion
over-rotation. Since the prosthetic requires stopper hinges with non-standard dimensions,
custom hinges will be ordered from S&D Products (Figure 28).
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Figure 28. A sample stopper hinge from S&D Products.
As seen in Figure 29, the force from toe-off would generate a large amount of stress
at each hinge. The stress in each hinge was calculated to be 17.63 GPa. Since the hinges
would be custom ordered, they are unrated; extensive testing would be required to ensure
that the stopping mechanism of the hinge will not fail during the toe-off loading of 750 N.

Figure 29. The stress in the hinge during toe-off is concentrated at the hinges.
3.4.8 Attachments
The attachments of the main components of the prosthetic foot must be secure,
lightweight, and allow for the appropriate degrees of freedom. For the conceptual design,
the hydraulic shock absorber would be placed within a drilled hole in the cam and secured
with an epoxy. The link would be welded to the external housing of the hydraulic shock
absorber. The cam would be attached to the heel with a corner bracket on the medial and
lateral aspects of the prosthetic. Pins would attach the corner bracket to the cam; bolts
would attach the corner bracket to the fiberglass heel. The triangular supports for the lever
would be attached to the keel via epoxy. The lever would be attached to the triangular
supports by pins, allowing for rotation of the lever. The spring legs would be secured in
slots cut from the lever at the proximal aspect of the prosthetic. The spring legs at the distal
portion of the prosthetic would be embedded in the fiberglass layers and epoxy. The hinges
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would be secured to the proximal and distal portion of the keel with bolts. The various
attachments can be seen in Figure 30. At the top of the shaft, a female pyramid adapter for
the amputee’s socket would be attached to the hydraulic shock absorber.

Figure 30. The attachments for the prosthetic foot (left) and the female adapter from
Proteor for attachment to the socket (right).
3.5

Preliminary Analysis
A force analysis study conducted by a fellow Cal Poly student provided average
force values for each phase of gait. The subject was a BK right leg amputee. During heel
strike, the maximum walking forces are between 800-1000N. The forces at midstance,
when the pressure is distributed evenly across the bottom of the foot, are between 400600N. During toe-off, forces are between 650-750N. These forces are an important
consideration for loadings in hand calculations, FEA, and final testing design.

3.6

Proof of Concept Analysis
An animation of the SolidWorks model was created to illustrate the how the
components work together to create plantarflexion. Similar to the conceptual phases of
motion, the foot is activated at distinct gait phases. As the hydraulic shock absorber is
compressed, the link displaces downward. The link rotates the lever, pressing the proximal
end of the lever downward and the distal end of the lever upward. As the distal end of the
lever rotates upward, the attached spring legs are pulled upward. The distal end of the
spring, which is embedded in the distal end of the keel, is pushed downward in a
plantarflexion motion. The motions described above can be seen in the frames of the
SolidWorks animation in Figure 31.

Figure 31. A motion study of the critical design, generated in SolidWorks.
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4

Description of Final Design
After some of the issues were addressed in the conceptual design, the final design
of the prosthetic was developed. The final design consists of a universal attachment,
attachment platform, shock absorber, link, lever, cam, bracket, heel, pivot stand, torsion
spring, stopper, back and front keel, and hinge. A stopper mechanism replaced the stopper
hinge to allow for efficient design iterations and to provide support during toe-off. This
eliminated any concern of the high stresses that were calculated in the hinges. The cam
shape was modified to provide a large, yet natural range of motion. The size of the shock
absorber increased to provide additional impact absorption, and an elastomer spring was
added around it to provide additional support. A platform in order to connect the universal
attachment to the link was also added. Carbon fiber was used for the foot structure
components. All of the metal components were made out of aluminum due to ease of
manufacturability and adequate strength for concept design purposes. All drawing files
and an exploded view with a bill of materials is located in Appendix 10.2.

Figure 32. The final prosthetic design including all labelled components.
4.1

Detailed Design Description
An animation of the SolidWorks model was created to illustrate the how the
components work together to create plantarflexion. Similar to the conceptual phases of
motion, the foot is activated at distinct gait phases. As the hydraulic shock absorber is
compressed, the link displaces downward. The link rotates the lever, pressing the proximal
end of the lever downward and the distal end of the lever upward. As the distal end of the
lever rotates upward, the attached spring legs are pulled upward. The distal end of the
spring, which is embedded in the distal end of the keel, is pushed downward in a
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plantarflexion motion. The motions described above can be seen in the frames of the
SolidWorks animation in Figure 33.

Figure 33. A motion study of the final design, generated in SolidWorks.
4.2

Analysis Results
The original analysis of the link, lever, and torsion spring are still valid for this
design. The analysis was performed using stainless steel for the link and lever, but the new
design uses aluminum. The previous analysis showed that the link and lever were more
than strong enough when made out of steel. Switching to aluminum allows for lighter
pieces that are easier to machine. Because this is a proof-of-concept design, the loss is
strength caused by using aluminum is insignificant.

4.3

Cost Breakdown
A basic cost analysis was performed for the price of manufacturing, building, and
testing of a single proof-of-concept design. The cost of prosthetics currently on the market
is described below as a reference for the cost-effectiveness of the proposed design.

4.3.1 Cost of On the Market Prosthetics
A popular active ankle on the market is the Elan ankle by Endolite. The list price
for this ankle is $11,500. Endolite also makes a generic passive ankle (Echelon) that has a
list price of $3,200, which is the upper limit for the budget for this project. The proposed
passive ankle design aims to match the functionality of an active ankle while remaining
affordable and simple to maintain and repair.
4.3.2 Cost of Proof-of-Concept Prototype
The final cost per component is listed in Table 6. The original estimated cost was
$1,000, but the updated final cost is $388.62. The final cost is significantly lower than the
budget of $3,200.
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Table 6. Final cost per component.
Component
Hydraulic Shock Absorber

-

Cam and molds

79.00

Torsion Spring

12.94

Carbon Fiber

75.00

CF Manufacturing Components
Aluminum Components

137.96
29.60

Brackets

1.45

Hinges

2.03

Connectors

25.64

Female adapter

25.00

Total:
4.4

Cost Estimate ($)

388.62

Component Selection
The main components of the final design are the same as the critical design with
the addition of a stopper to add support to the hinges and an attachment platform to allow
for a pin attachment at the top of the lever and provide a spot of attachment for the socket
pyramid adapter. The final bill of materials can be found in Appendix 10.3.

4.4.1 Hydraulic Shock Absorber
After some consideration, a larger version of the STH .5M hydraulic shock absorber
was chosen in order to provide more support and stability. The model of hydraulic shock
absorber has a higher force rating (8000N) and larger dimensions which can be seen in
Figure 34.
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Figure 34. The STH .5M hydraulic shock absorber from Enidine, with A1
(length) =8.9 cm and WF (diameter) = 2.0 cm.
4.4.2 Cam
The cam design was altered to increase its contact with the back keel by flattening
the bottom, and acts as a rocker, by changing the curved section. This design is more stable
while still providing the desired range of motion. The new shape of the cam can be seen in
Figure 35.
The cam was made of Delrin, a plastic made by Dupont. Delrin is easy to obtain
and machine, is low cost and difficult to fracture. Delrin has excellent fatigue endurance,
so the cam is not likely to degrade or fail after repeated use within the lifetime of the
prosthetic foot. A 12” x 12” Delrin block that was 1.5” thick was ordered from McMaster.
The rocker shape, as well as the holes for attachments, were machined by the design team
at Cal Poly facilities using a vertical band saw and drill press.

Figure 35. The shape of the cam, with the cutouts for the hydraulic shock absorber rigid
attachment and pin attachments via L brackets to the carbon fiber heel.
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4.4.3 Carbon Fiber Components
After further research into and practice with fiberglass, the design team decided to
pursue carbon fiber as the material for the main structural components of the foot. The
design of the heel, front keel, and back keel remained the same as previous iterations, but
a rectangular stopper piece was added (Figure 36). The stopper solves the problem of high
stress concentrations in the stopper hinges from the conceptual design that were exposed
to large amounts of stress. The stopper will prevent over rotation in the dorsiflexion
direction of the front keel and will take the majority of the stress during toe-off. Because
the stopper will be made of carbon fiber, it will be more than strong and stiff enough to
withstand the toe-off force.

Figure 36. The heel, keel, and stopper components of the foot, manufactured
from carbon fiber.
4.4.4 Link
The link translates the compression of the hydraulic shock absorber to the lever,
with the end goal of plantarflexion upon heel strike. It is connected to the aluminum
platform via two pin attachments and to the lever by a single pin attachment. Leaving some
rotation at this junction, rather than having rigid attachments decreases the bending stress
experienced by the link. The link was manufactured from a stock 2” x 48” aluminum bar
that was 0.5” thick. The dimensions for the part are 0.5 cm x 10.40 cm x 1.27 cm. The
updated design of the link includes two square ends and two drilled holes on either end
(Figure 37).
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Figure 37. The link component of the prosthetic foot design.
4.4.5 Lever
The lever pivots such that the downward motion at the proximal end due to the link
generates an upward motion at the distal end at the spring attachment. The final lever design
was angled in order to maintain contact with the spring legs and optimize plantarflexion.
A slot in the back of the lever was added to allow for a pin attachment between the link
and the lever. The holes toward the front of the lever are used to pin attach the lever to the
lever pivot. This updated design can be seen in Figure 38 below. The lever was also made
from the stock aluminum bar.

Figure 38. The lever component of the prosthetic foot design.
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4.4.6 Torsion Springs
The same torsion springs as the conceptual design were used (Figure 39). They
were epoxied to the top of the front keel and bent so that they would remain in contact with
the lever.

Figure 39. A left hand torsion spring, which will connect the proximal and distal keel
sections.
4.4.7 Attachment Platform
The attachment platform piece was added and is secured to the top of the hydraulic
shock absorber (Figure 40). It allows for a pin attachment to the lever and also allows a
pyramid socket adapter to be secured to the top. The attachment platform was made out of
aluminum.

Figure 40. Platform for the universal attachment, pin attached to the link and epoxied
into the shock absorber.
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4.4.8 Pivot Stand
The aluminum pivot stand design changed from a triangle to rectangle in order to
provide more support to the lever (Figure 41).

Figure 41. Pivot stand epoxied to the back keel and pin attached to the lever.
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5

Project Realization
Materials for the heel, keel, cam, link, and lever were selected based on
manufacturability, cost, and desired material properties. Each of these components were
manufactured on Cal Poly’s campus. Other components, such as the hinges and bolts for
attachment, were bought from various manufacturers.

5.1

Carbon Fiber Manufacturing
The team consulted Cal Poly mechanical engineering professor Dr. Mahadev about
the composite possibilities for the heel and keel components. He was able to provide
material mold recommendations and advice. The Hangar shop advisor, George Leone
assisted in an initial test layup with both carbon fiber and fiberglass.

5.1.1 Initial Lay-ups
The initial layups were performed using readily available fiber glass sheets and
epoxy on campus (Figure 42). 3D printed positive molds were press fit into plaster in order
to create molds for all of the components. The fiberglass was difficult to work with and the
plaster molds had to be cracked in order to remove the components. The heel component
had to be secured with additional fiberglass in order to prevent it from peeling off the mold
and was unable to be removed from the plaster. A plaster residue was also left on all the
pieces that had to be sanded off.

Figure 42. Original fiberglass lay-ups of the stopper and back keel.
5.1.2 Back Keel and Stopper
Once the group gained composite experience with fiberglass, a transition to carbon
fiber was made. Both the back keel and stopper layups were performed on a flat sheet of
plastic. Layers of carbon fiber and epoxy resin were stacked up until the desired thickness
of 1 cm was reached; this took about 25-30 piles of carbon fiber (Figure 43).
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Figure 43. Flat plate carbon fiber lay-ups of the stopper and back keel.
After the lay-ups were cured, the edges were sanded using a belt sander in order to
achieve the desired dimensions and to create smooth edges (Figure 44). The back keel and
stopper were both shaped into rectangles with the same width. The hole in the stopper was
cut out with a dremel using a round plate bit and then was sanded smooth using a small
cylindrical dremel bit.

Figure 44. Sanding the edges of the carbon fiber in order to smooth the
sides and achieve the desired dimensions.
5.1.3 Front Keel
A front keel mold was machined out of Delrin using HSMWorks and a fanuc mill
in the QL+ lab (Figure 45). Clearance of 1 cm was left on all sides of the mold in order to
account for machining to smooth out all edges once the layup cured. A similar layering
process to the back keel and stopper was performed inside the mold. Once the carbon fiber
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was cured and removed from the mold, the front keel was sanded down to size and the split
toe was cut out using a metal vertical bandsaw.

Figure 45. Delrin mold for the front keel carbon fiber lay-up.
5.1.4 Heel
The heel layup was accomplished using a 3D printed mold with 1 cm clearance on
the sides and bottom to allow for sanding the edges once the layup was complete. Due to
the curved shape of the heel, the piece was vacuum sealed with assistance from Dr.
Elghandour in order to ensure that the carbon fiber layers remained in contact with the
mold throughout the curing process (Figure 46). The vacuum bag left divots in the heel due
to folds in the bag during vacuum sealing. Extra sanding had to be done in order to smooth
out all faces of the heel. A dremel with a round plate bit was used to cut out the slot for the
cam. The slot was then hand sanded smooth.

Figure 46. Carbon fiber lay-up of the heel using a 3D printed mold (left).
Vacuum bagging the heel lay-up (right).
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5.2

Cam Manufacturing
The cam was machined out of Delrin. A 3.8 cm thick sheet of Delrin was ordered
from McMaster Carr. The main shape of the cam was cut using a vertical band saw and
sanded smooth. The hole in the top and the sides were drilled out using a drill press in the
machine shops on the Cal Poly campus. The hydraulic shock absorber was press fit into
the elastomer spring and cam.

5.3

Aluminum Manufacturing
The link, lever, pivot stand, and attachment platform were made out of aluminum
6061. A 6”x 6”x .25” sheet of aluminum was ordered from McMaster Carr, and provided
enough material for the parts. The main rectangular shape of each part was cut from the
sheet of material using either a vertical band saw or a chop saw in the Hangar and Mustang
60. The holes in all of the parts were drilled using a drill press. The desired thickness of
each part was achieved by facing them on the mill (Figure 47). The cut outs in the lever,
pivot stand, and attachment platform were cut using a mill and the slant in the lever was
machined using an aluminum belt sander. All edges of the components were sanded and
deburred in order to smooth sharp corners.

Figure 47. Machining of the lever using a mill.
5.4

Maintenance and Repair
There are no electrical components in the design of this passive ankle. Therefore
electrical or power failures are impossible. The design is expected to last up to 5 years with
no necessary repairs, based on material and design choices. The spring, hinge, and brackets
are stock parts; if need be, they can be easily ordered and replaced. If there is a failure of
the cam, link, lever, or carbon fiber pieces, the manufacturing plan detailed above could be
followed to replace necessary parts. Part numbers, costs, and manufacturers are located in
Appendix 10.3 if further orders are needed. The goal of this project was to design a single
proof-of-concept prototype; mass manufacturing, assembly, or repairs from overuse/
misuse are not included in the scope of this project.
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5.5

Foot Assembly
The foot was assembled using screws, pins, and epoxy resin. The universal
attachment was screwed into the aluminum platform. A press fit secured the shock absorber
to both the elastomer spring and cam, and resin secured it to the attachment platform. The
torsion spring was attached to the front keel with resin, and the L bracket to cam attachment
was also epoxied. All other attachments were accomplished with pin connections. A layer
of resin was added to all attachments and carbon fiber components in order to provide
additional support and a glossy finish (Figure 48).

Figure 48. Individual components to be assembled with pins and resin (left).
Fully assembled prototype (right).

5.6

Differences from Planned Design
Iterations to the design were performed during the assembly process. The elastomer
spring, link, and lever lengths all had to be adjusted in order to fit properly in the assembly.
Issues arose when attempting to connect the torsion spring to the lever and with using the
torsion spring as a support to hold up the front keel. Electrical tape was added in order to
provide a stretchy connection between the front keel and stopper, and to add friction
between the torsion spring and lever connection.
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6

Design Verification (Testing)
Test plans were developed to test the entire design and the design will be tested for
compliance with the technical specifications listed in Section 4.2.4. Detailed testing
procedures can be found in Appendix 10.8.

6.1

Test Descriptions
The tests performed were focused on the loading, range of motion, and physical
specifications. Due to time constraints, not all specifications listed in Section 4.2.4 were
completed; these incomplete tests are listed below in Section 6.3.1. All testing procedures
are outlined in Appendix 10.8.

6.2

Detailed Results
Functional testing, including range of motion and loading, were tested via
measurement and analysis, respectively. The ranges of motion tested were plantarflexion
and dorsiflexion. Impact and push-off loadings were tested in FEA and included the elastic
modulus from the carbon fiber tensile testing. Physical requirements were measured to
ensure they were in compliance with the original specifications.

6.2.1 Plantarflexion Range of Motion
Plantarflexion was measured based on the movement of the spring legs during
hydraulic shock absorber compression. It should be noted that due to the flexibility of the
spring, this motion was not fully translated into plantarflexion. More secure attachments
could help increase the degree of plantarflexion. The position of the pivot stand relative to
the lever could also be changed in order to increase plantarflexion. The angle measurement
of the neutral foot and plantarflexed foot is shown in Figure 49 below. There was 10° of
plantarflexion with this prototype.

Figure 49. Angle measurement with uncompressed hydraulic shock absorber (left).
Angle measurement with compressed hydraulic shock absorber (right).
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6.2.2 Dorsiflexion Range of Motion
Dorsiflexion was measured based on the rotation of the cam. The angle
measurement of the neutral foot and dorsiflexed foot is shown in Figure 50 below. There
was 10° of dorsiflexion with this prototype.

Figure 50. Dorsiflexion measurement setup (left).
Dorsiflexion measurement reading (right).
6.2.3 Inversion and Eversion Range of Motion
The split toe of the front keel was an attempt to allow for inversion and eversion.
The flexibility of the carbon fiber in other prosthetic designs does allow for some of this
range of motion. Because the carbon fiber was so thick in this design, there was no
discernable inversion and eversion. A thinner lay-up and a narrower foot may increase the
inversion and eversion while maintaining the lateral stability of the foot. Changing the
orientation of carbon fiber from 0 and 90 degree layups to a plus or minus 45 degree
orientation would also increase this range of motion while still providing the necessary
support.
6.2.4 Physical Properties
The dimensions of the prototype were measured with a tape measure. The length
was 25.5 cm, the height was 18.25 cm, and the width was 6 cm. These were all within the
tolerances of the original target values. The weight was 0.849 kg, which was less than the
maximum allowable weight of 6 kg.
6.2.5 Tensile Testing
Tensile testing on the carbon fiber was performed to determine the elastic modulus
of the design’s unique carbon fiber fabric and resin lay-ups. Five strips were cut from an 8
ply testing lay-up, resulting in pieces that were 10” x 1”. One test specimen was used as a
dry run to ensure the data was being logged properly, resulting in four specimens that were
used in the resulting stress-strain curves. Details of the testing set-up can be seen in Figure
51.
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Figure 51. The strain gages and Instron machine used for tensile testing (left, center). The
broken tensile test specimens (right).
Using the loading and strain data from the tensile test, stress-strain curves were
generated for each specimen. A best fit curve was found for the linear portion of the graph,
from which the slope was extracted and tabulated as the elastic modulus. The resulting
graph is shown in Figure 52 and the summary of results can be seen in Table 7.

Figure 52. Stress-strain resultant plots from tensile test data.
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Table 7. The elastic modulus of each carbon fiber test specimen, as well as the average
value for use in FEA.
Specimen

E (GPa)

1

28.1

2

30.8

3

32.2

4

29.2

Average

30.1

Once the elastic modulus was determined, it was used in FEA to test loading via
analysis. An impact force of 1960 N and push-off force of 750 N were used. Figure 53
shows the stress at heel strike throughout the foot on the left, and the displacement of the
various components of the foot during toe-off. The results below show a marked
improvement upon the previous conceptual designs.

Figure 53. FEA analysis of stress during heel strike (left).
FEA analysis of displacements during toe-off (right).
6.3

Specification Verification Checklist
Table 8 below shows the summary of the tests that were performed including the
desired outcome of the test, the result, and if the final design passed or not.
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Table 8. Summary of testing results and specification verification.
Specification

Desired Outcome

Result

Pass/Fail

Length

< 26 cm

25.5 cm

P

Height

< 16.5 cm

16.25

P

Width

< 9 cm

6 cm

P

Weight

< 6 kg

0.84 kg

P

Plantarflexion

≥ 40°

10°

F

Dorsiflexion

≥ 16°

10°

F

Inversion

≥ 28°

0°

F

Eversion

≥ 12°

0°

F

Impact Force

≤ 1960 N

FEA Analysis

P

Toe-off Force

≤ 750 N

FEA Analysis

P

6.3.1 Future Testing
Due to complications during assembly, not all of the desired testing was completed.
Verification in several areas is required. First, actual testing of the loadings, rather than
FEA is necessary. This includes both axial and push-off force, which need to be loaded at
1960 N on the shaft and 750 N on the toe. Since these are relatively large forces, loading
with standing weights is not feasible. A test fixture to secure the foot on an Instron is
needed. The Instron in the composites lab has a load cell of 20 kN, which should be able
to provide the appropriate force and resolution. Environmental considerations, including
temperature compatibility and noise, also need to be tested. Once “in-lab” testing is
completed, human factors testing can commence. The goal of this testing is to determine
how well the potential user likes the product and to obtain feedback for future iterations.
6.4

Risk and Safety Analysis
This prosthetic ankle design is novel. Individual components, as well as the whole
system, are untested and not substantially equivalent to designs currently on the market.
There are several high-risk aspects of this design, which are discussed below. Despite
potential functional design problems, the proposed design does not pose safety concerns
for the user, as the hazard assessment in Appendix 10.7 shows.

6.4.1 Risk Analysis
Due to the height specification of 16.5 cm, the choice of shock absorbers was
limited. A large diameter to length ratio was desired but difficult to find. The STH .5M
model is rated for a maximum force of 8000 N, which exceeds the required 1960 N.
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However, the shock absorber has a diameter of 2.0 cm. In the final design, the shock
absorber is the shaft of the prosthetic. The small diameter raises concerns about the stability
of the load-bearing axis of the prosthetic. To mitigate this risk, an elastomer cylinder was
added to the exterior of the hydraulic shock absorber, but the smaller shaft of the hydraulic
shock absorber still poses a concern.
The torsion springs were not able to provide the necessary plantarflexion that was
desired. The smaller, flimsy springs would not provide any extra support if needed. Larger,
stiffer springs should be added to the design to provide more plantarflexion and strength.
The stopper prevents over-rotation in the dorsiflexion direction, but there is nothing
in the design to prevent over-rotation in the plantarflexion direction. This poses a large risk
if the user were to catch the toe on something or trip. Possible fixes to this would be to add
a stopper on the bottom of the foot to prevent over rotation or to secure the torsion springs
to both the front keel and the lever so that if a downward force was applied to the front
keel, the torsion springs would absorb the force and be able to hold the front keel up.
The hydraulic shock absorber was press fitted into the top of the cam. This
attachment was determined to not be secure enough. A better attachment method needs to
be researched to ensure a safe and secure connection.
6.4.2 Safety Assessment
Adding a plastic shell foot around the prosthetic will ensure that the user is not
pinched while using the device. Possible pinch points on this design include one at the
hinge connection between the keel components and one on the hydraulic shock absorber
as it compresses. An upward curve of the distal keel was added so the user does not trip
over their toe while progressing through swing phase. The torsion spring was strategically
placed as close to the hydraulic shock absorber as possible in order to provide maximum
ground contact and stability to the user during midstance. Adding a mechanism to prevent
the foot from rotating too far into the plantarflexion direction in the next iteration would
provide an additional safety aspect and prevent the user from tripping over the front keel
as they progress through the gait. A hazard assessment was performed on the critical design
to ensure safety and analyze possible unsafe components. This assessment can be seen in
Appendix 10.4.
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7

Conclusion and Recommendations
The design was a novel concept for a passive ankle prosthetic. The various shapes
of carbon fiber structure of the foot in coordination with the hydraulic shock absorber have
potential to generate pseudo-physiological motion, impact absorption, and energy return.
However, there are still several areas of the designed that must be considered for a fully
functioning prototype.
There was no flex of the carbon fiber to provide eversion and inversion. This could
be solved by making the carbon fiber pieces thinner to about 0.5 cm instead of 1 cm. Using
different fiber orientation could also improve the inversion and eversion. The current
design is made up of 0-90 fiber orientations; changing the front keel to plus or minus 45
fiber orientations would increase eversion and inversion.
Aluminum was chosen for the lever, link, attachment platform, and pivot stand due
to its easy manufacturability and lightweight properties. Other materials for the
aforementioned components could be considered to improve the overall strength of the
prototype.
The prototype achieved 10° of motion in each the dorsiflexion and plantarflexion
direction. This was less than the target values. Increased range of motion could be achieved
by bettering the connections between the parts, and improving the overall precision of the
machined parts. Some areas, like the connection between the back heel and front keel
allowed for too much motion; additional mechanisms are required to constrain this motion.
In addition to a poor attachment, the spring did not have the appropriate stiffness; it was
not capable of holding the front keel portion of the foot up. In this design, electrical tape
held the front keel to the stopper in a neutral position. Reconsidering the attachment
between the torsion spring and lever in addition to providing a way to prevent the front
keel from bending forward such as a stiffer torsion spring would result in a foot with the
capability of providing plantarflexion motion. The position of the lever support relative to
the lever can be optimized in order to achieve the required 40° of plantarflexion motion.
Additionally, the distal spring legs were epoxied to the top of the front keel which caused
a large excess of resin. This connection could be made better by embedding the legs of the
spring in the layers of the front keel during the lay-up.
Lastly, all of the components were epoxied together during assembly. This
securement method is better than using bolts due to limited space and weight concerns, but
is not the best securement method possible. Alternative attachment methods should be
researched.
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Appendices
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Quality Functional Deployment
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CAD Drawings

10.2.1 Exploded Assembly
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10.2.2 Heel
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10.2.3 Back Keel
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10.2.4 Front Keel
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10.2.5 Stopper
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10.2.6 Cam
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10.2.7 Link
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10.2.8 Pivot Stand
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10.2.9 Lever
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10.2.10 Attachment Platform
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Hydraulic Shock Absorber
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10.2.12 Torsion Spring
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10.2.13 Bracket

77

10.2.14 Hinge
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10.3

Vendor Information
Vendor

Contact Info

Parts

Pricing

The Craft

141 Suburban Rd.
San Luis Obispo, CA 93405

Resin

$34.99

Hardener

$18.99

Carbon Fiber

$25/yard

Spring

$6.47/ Pack(6)

Hinge

$2.03

Bracket

$1.45

Aluminum

$29.60

Hydraulic Shock
Absorber

-

805-782-9802

McMaster
https://www.mcmaster.com/
562-692-5911

Enidine

10.4

http://www.enidine.com
716-662-1900

Component Specifications and Data Sheets

10.4.1 West Systems 105 Epoxy Resin
MSDS:https://stars.berkeley.edu/assets/files/epoxy105_MSDS.pdf
10.4.2 West Systems 205 Fast Hardener
MSDS: http://www.ecfibreglasssupplies.co.uk/images/SafetyDataSheet/635.pdf
10.4.3 Carbon Fiber
MSDS:https://www.tapplastics.com/uploads/pdf/MSDS%20Carbon%20Fiber%20Sheet.p
df

79

10.4.4 Torsion Spring

10.4.5 Hinge

80

10.4.6 Bracket

81

10.4.7 Aluminum

82

10.4.8 Hydraulic Shock Absorber

83

10.5

Calculations

84

85

86

87
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10.6

Gantt Chart

10.6.1 2016-2017 Gantt Chart

89

90

91

10.6.2 Updated 2017 Gantt Chart
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10.7

Hazard Identification Checklist
Yes

No

✔

Hazard
Will any part of the design create hazardous revolving, reciprocating,
running, shearing, punching, pressing, squeezing, drawing, cutting, rolling,
mixing or similar action, including pinch points and shear points?

✔
✔

Can any part of the design undergo high accelerations/decelerations?
Will the system have any large moving masses or large forces?

✔

Will the system produce a projectile?

✔

Would it be possible for the system to fall under gravity creating injury?

✔

Will a user be exposed to overhanging weights as part of the design?

✔

Will the system have any sharp edges?
✔

Will all the electrical systems properly grounded? (Note: if system has no
electrical signals, check “No.”)

✔

Will there be any large batteries or electrical voltage in the system above 40
V either AC or DC?

✔

Will there be any stored energy in the system such as batteries, flywheels,
hanging weights or pressurized fluids?
✔

Will there be any explosive or flammable liquids, gases, dust fuel part of the
system?

✔

Will the user of the design be required to exert any abnormal effort or
physical posture during the use of the design?

✔

Can the system generate high levels of noise?

✔

Will the device/system be exposed to extreme environmental conditions such
as fog, humidity, cold, high temperatures ,etc…?

✔

Will the system be easier to use safely than unsafely?
✔

Will there be any other potential hazards not listed above? If yes, please
explain below.
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10.8

DVP&R Test Plans

10.8.1 Plantarflexion Range of Motion
Purpose

To ensure the foot satisfies the technical specifications for
plantarflexion.

Specification Tested

Plantarflexion of 40°

Passing Criteria

Prosthetic meets or exceeds the angle listed.

Equipment

●
●
●
●
●
●

Procedure

1. Follow the procedure outlined in Appendix 10.8.6 to Step 4.
2. After the prosthetic has been load for 30 s, use the goniometer
to measure the degree of plantarflexion.

Shaft weight-attachment fixture
Goniometer
Weights
Stopwatch
Clamps
Rigid surface (e.g. table edge)
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10.8.2 Dorsiflexion Range of Motion
Purpose

To ensure the foot satisfies the technical specifications for
dorsiflexion.

Specification Tested

Dorsiflexion of 16°

Passing Criteria

Prosthetic meets or exceeds the angle listed

Equipment

●
●
●
●
●
●

Procedure

1. Follow the procedure outlined in Appendix 10.8.6 to Step 4.
2. After the prosthetic has been load for 30 s, use the goniometer
to measure the degree of dorsiflexion

Distal keel weight-attachment fixture
Goniometer
Weights
Stopwatch
Clamps
Rigid surface (e.g. table edge)

10.8.3 Inversion and Eversion Range of Motion
Purpose
Specification Tested
Passing Criteria

To ensure the foot satisfies the technical specifications for inversion
and eversion.
● Inversion of 28°
● Eversion of 12°
Shaft of the prosthetic remains vertical when placed and loaded on
angled surface.

Equipment

●
●
●
●
●
●
●
●

Procedure

1. Place the prosthetic such that the split toe is in line with the
interface of the 28° wooden wedge’s slanted face and table.
2. Follow the procedure outlined in Appendix 10.8.6 to Step 4.
3. After the prosthetic has been load for 30 s, use the goniometer
to measure the degree of the shaft from vertical.
4. Repeat steps 1-3 with the 12° wooden wedge.

Shaft weight-attachment fixture
Wooden wedge at angle of 28° (for inversion)
Wooden wedge at angle of 12° (for eversion)
Goniometer
Weights
Stopwatch
Clamps
Rigid surface (e.g. table)
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10.8.4 Physical Properties
Purpose
Specification Tested

Passing Criteria

To ensure the foot is within the dimensions and weight specifications
listed
●
●
●
●

Height of 16.5 cm
Width of 9 cm
Length of 26 cm
Weight of 6 kg

Dimensions are within +/- 20% of specification and weight is less than
or equal to specification.

Equipment

● Tape measure
● Scale

Procedure

1. Measure dimensions with tape measure.
2. Weigh prosthetic on scale.

10.8.5 Tensile Testing
Purpose

Specification Tested
Passing Criteria

To determine the specific carbon fiber elastic modulus and apply it to a
FEA stress and displacement analysis to determine if failure will occur
under loading.
● Stress under loading
● Displacement
Applied stresses do not exceed yield stresses with factor of safety.

Equipment

● Instron tensile tester
● Computer
● 5 carbon fiber test stripes

Procedure

1. Create 5 10”x1”x.04” (approximately 8 carbon fiber layers) test
stripes.
2. Solder a sensor onto the center of each test stripe using proper
ASTM tecnique.
3. Insert a test strip into the tensile tester and connect the sensor to
a computer.
4. Turn on tensile tester and apply force until the test strip
fractures.
5. Repeat process for each test strip.
6. Use the acquired data to determine an average elastic modulus
and apply this to FEA analysis.
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10.8.6 Axial Force Loading
Purpose

To ensure the foot can withstand the maximum impact load (1960 N)
with a factor of safety of 1.5

Specification Tested

Axial load of 2940 N

Passing Criteria

No component of the foot can visibly fracture, collapse, or plastically
deform.

Equipment

●
●
●
●
●

Procedure

1. Attach weight-attachment fixture to shaft of prosthetic.
2. Clamp the heel of the prosthetic to the edge a rigid surface such
that the shaft of the prosthetic is vertical. Use one clamp on the
medial aspect of the heel and one clamp on the lateral aspect of
the heel.
3. Load the equivalent of 2940 N of weights onto weightattachment fixture.
4. Load the shaft for 30 s.
5. Remove the weights, clamps, and weight-attachment fixture.
6. Examine the prosthetic for visible damage (fractures,
component failure, plastic deformation).
7. Repeat test 5 times.

Shaft weight-attachment fixture
Weights
Stopwatch
Clamps
Rigid surface (e.g. table edge)
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10.8.7 Push-Off Force Loading
Purpose

To ensure the foot can withstand the maximum push-off load (750 N)
with a factor of safety of 1.5.

Specification Tested

Toe-off load of 1125 N

Passing Criteria

No component of the foot can visibly fracture, collapse, or plastically
deform.

Equipment

●
●
●
●
●

Procedure

1. Attach weight-attachment fixture to shaft of prosthetic.
2. Clamp the heel of the prosthetic to the edge a rigid surface such
that the bottom of the foot is facing upward. Use one clamp on
the medial aspect of the heel and one clamp on the lateral aspect
of the heel.
3. Load the equivalent of 1125 N of weights onto weightattachment fixture.
4. Load the shaft for 30 s.
5. Remove the weights, clamps, and weight-attachment fixture.
6. Examine the prosthetic for visible damage (fractures,
component failure, plastic deformation).
7. Repeat test 5 times.

Distal keel weight-attachment fixture
Weights
Stopwatch
Clamps
Rigid surface (e.g. table edge)
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10.8.8 Temperature Environmental Consideration
Purpose
Specification Tested
Passing Criteria
Equipment

Procedure

To ensure the foot functions over a wide variety of temperatures.
● Low temperature: 0°C
● High temperature: 50°C
Prosthetic does not critically fail during cooling/heating and passes
tests outlined in Appendix 10.
● Ice bath
● Oven
● Equipment required for all other tests in Appendix 10
Notes:
○ The ice bath contributes to verifying water resistance.
○ The temperature tests will occur over the course of various days.
1. Fully submerge prosthetic in ice bath for 10 minutes.
2. Inspect the prosthetic for any visible damage, including
delamination and shrinking of various components.
3. Repeat the tests from Appendix 10 within 1 hour of the
ice bath.
4. Place the prosthetic on foil in the oven at 122°F (50°C).
5. Inspect the prosthetic for an visible damage, including
melting, thermal expansion, and loosened connections.
6. Repeat the tests from Appendix 10 within 1 hour of the
heating.
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10.8.9 Noise User Consideration
Purpose

To ensure the foot does not cause significant disturbance during use.

Specification Tested

30 dB level

Passing Criteria

Noise level is less than the specification listed.

Equipment

Decibel 10th app

Procedure

Note: This test should be conducted in a quiet area (e.g. an empty
classroom).
1. Download and open the Decibel 10th app.
2. Measure the ambient sound level for 1 minute.
3. Measure the sound level of walking in running shoes, sandals,
and boots.
4. Measure the sound level of the prosthetic contacting the ground
and moving through the phases of gait.
5. Subtract the ambient noise level from the noise levels recorded
in the steps 4 and 5.
6. If the noise levels calculated in step 5 are greater than 30 dB,
analyze the walking vs. prosthetic for statistically significant
differences.
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10.8.10 Human Factors Test Plan
Purpose

To ensure the foot satisfies qualitative customer requirements.

Specification Tested

● Impact absorption
● Energy return
● Gait symmetry

Passing Criteria

● No critical failures during testing
● Positive feedback from test subject

Equipment

● Force plates in Human Motion Biomechanics Lab

Procedure

1. Contact Nate Smids from AmpSurf.
2. Ask Nate to try walking and jogging with prosthetic.
3. Ask for feedback to the following questions:
a. How does this prosthetic compare to your current
prosthetics?
b. What features do you like?
c. What features would you change?
d. As you were walking, did the prosthetic “cushion” as
you stepped down?
e. Did the prosthetic help propel you as you stepped
forward?
f. Is the prosthetic comfortable to walk in?
4. Ask Nate to walk on force plates with one of his current
prosthetics and the designed prosthetic.
5. Analyze the symmetry of gait between Nate’s left and right leg.
Analyze the difference between his current prosthetic and the
designed prosthetic.
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